Excessive consumption of unhealthy foods is a major public health problem. While many people attempt to control their food intake through dieting, many relapse to unhealthy eating habits within a few months. We have begun to study this clinical condition in rats by adapting the reinstatement model, which has been used extensively to study relapse to drug seeking. In our adaptation of the relapse model, reinstatement of palatable food seeking by exposure to food-pellet priming, food-associated cues, or stress is assessed in food-restricted (to mimic dieting) rats after operant food-pellet self-administration training and subsequent extinction of the food-reinforced responding.
Introduction
Excessive consumption of unhealthy foods is a major public health problem and weight gain after dieting is associated with increased preference and consumption of such foods (McGuire et al., 1999; Torres and Nowson, 2007) . While many people attempt to control their food intake through dieting, most of them relapse to the unhealthy eating habits within a few months (Kramer et al., 1989; Peterson and Mitchell, 1999; Skender et al., 1996) . This relapse to unhealthy eating habits often occurs after acute exposure to palatable foods, food-associated cues, or stress (Grilo et al., 1989; Kayman et al., 1990; McGuire et al., 1999; Polivy and Herman, 1999; Torres and Nowson, 2007) . Recently, we have begun to study this clinical situation by using a rat reinstatement model , which is commonly used to study relapse to abused drugs (See, 2002; Self and Nestler, 1998; Shaham et al., 2003) .
In this model (Fig. 1) , rats are given limited access to homecage food (Box 1) and are trained to lever-press or nose-poke for 45 mg palatable food (Box 2) pellets. After extinction of the foodreinforced responding, rats are tested for reinstatement of food seeking induced by exposure to pellet priming (non-contingent pre-session delivery of several food pellets), food-associated cues (tone-light discrete cues that were previously paired with pellet delivery during training), or the pharmacological stressor yohimbine (Nair et al., 2009a) . Yohimbine is a prototypical alpha-2 adrenoceptor antagonist that induces stress-and anxiety-like states in both laboratory animals and humans (Bremner et al., 1996a, b) ; yohimbine also induces heroin and alcohol craving in drug addicts (Stine et al., 2002; Umhau et al., 2011) . Interestingly, as discussed in Box 3 both noradrenergic and non-noradrenergic components appear to contribute to yohimbine-induced reinstatement of food and drug seeking.
The use of the reinstatement procedure to model relapse to unhealthy eating habits during dieting has posed an important question: is this a valid model for the human situation? This question is not unique to food reinstatement studies; the validity of the reinstatement model to assess drug relapse has been a focus of intense debate in the addiction field (Epstein and Preston, 2003; Epstein et al., 2006b; Katz and Higgins, 2003) . The demonstration of predictive validity, or the ability of an animal model to identify drugs with potential therapeutic value, is considered to be important criterion in determining the validity of an animal model (Markou et al., 1993; Willner, 1984) . In this regard, we recently demonstrated that fenfluramine, a serotonin releaser known to have anorectic effects in both humans and laboratory animals (Rothman and Baumann, 2002; Rowland and Charlton, 1985) , decreases both yohimbine-and pelletpriming-induced reinstatement of food seeking in male and female rats ( Fig. 2) (Pickens et al., 2012) . This finding supports the predictive validity (or more accurately the 'postdictive validity' as human results preceded the laboratory animal results) of the reinstatement model to study relapse to food seeking during dieting. In addition to the predictive validity of the reinstatement model, the model's experimental procedures are simple, and more importantly, reinstatement is reliably induced by pellet priming, food-associated cues, or the pharmacological stressor yohimbine (Nair et al., 2009a) . Thus, the reinstatement model can serve as a useful animal model to study mechanisms of relapse to palatable food seeking during dieting, and to identify novel medications for prevention of this relapse.
In the following sections, we first summarize results from our studies on the role of several stress-and feeding-related peptides, including corticotropin-releasing factor (CRF), hypocretin/orexin, melanin-concentrating hormone (MCH), and peptide . We then present recent studies that implicate dopamine and dorsal medial prefrontal cortex (mPFC) in stress-induced reinstatement of food seeking. We conclude by discussing potential clinical implications of our results. Table 1 provides a summary of results from our neuropharmacological and optogenetic studies. 1 Unless otherwise noted, the rats in the studies reviewed are food restricted in their home-cage (see Box 1 for a discussion on the degree to which food restriction in the model mimics dieting in humans).
Role of stress-and feeding-related peptides
In four pharmacological studies we assessed the role of CRF, PYY3-36, hypocretin, and MCH in reinstatement of food seeking. We sought to examine these peptides based on their involvement in stress-and feeding-related behaviors. For each of these peptides, we first provide background information and then describe our findings related to the role of each peptide in reinstatement of palatable food seeking. CRF is a 41 amino-acid peptide that binds to CRF1 and CRF2 receptors (Chang et al., 1993; Lovenberg et al., 1995) . The peptide CRF, which was first isolated from the hypothalamus (Vale et al., 1981) , plays a critical role in the regulation of endocrine and behavioral responses to stress (Bale and Vale, 2004) .
Study 1: CRF
In an initial study we determined the effect of the selective CRF1 receptor antagonist antalarmin (Bornstein et al., 1998) on yohimbine-induced reinstatement of food seeking . This study followed previous findings on the effect of antalarmin on intermittent-footshock-induced reinstatement of heroin, cocaine, and alcohol seeking (Le et al., 2000; Shaham et al., 1998) . We have used yohimbine instead of intermittent footshock, the more commonly used stressor in drug reinstatement studies Shaham et al., 2000a) , because previous studies demonstrate that intermittent footshock is not an effective stimulus for reinstatement of food (regular food or sucrose) seeking (Ahmed and Koob, 1997; Buczek et al., 1999) . Additionally, in a direct comparison between intermittent footshock versus yohimbine in rats with a history of methamphetamine or alcohol selfadministration, yohimbine induced more reliable and stronger effect on reinstatement of drug seeking than footshock (Le et al., 2005; Shepard et al., 2004) .
We found that systemic injections of antalarmin decrease yohimbine-induced reinstatement of palatable food seeking (Fig. 3a ). This effect was not due to motor Rats are trained to lever press for palatable food pellets every other day under a fixed-ratio-1 (FR-1) 20 s timeout reinforcement schedule for 9e10 sessions; pellet delivery is paired with the presentation of a discrete tone-light cue. Data are mean AE sem number of pellets earned, timeout lever presses, and inactive lever presses during the training sessions. (B) Extinction phase. Lever presses are extinguished in the presence of the tone-light cue (for pellet-and yohimbine-induced reinstatement) or without the tone-light cue (for cue-induced reinstatement) until rats reach an extinction criterion. Data are mean AE sem number of presses on the previously active lever or the inactive lever. (C) Reinstatement testing. Tests are conducted under extinction conditions. During tests for pellet-priming-induced reinstatement rats are given several (typically 4) non-contingent food pellets at the beginning of the test session. During tests for discrete cue-induced reinstatement, lever responding leads to contingent presentation of the tone-light cue. During tests for yohimbine-induced reinstatement, rats are injected with yohimbine (2 mg/kg, i.p.) 30e45 min prior to the start of the test sessions. Data are mean AE sem number of presses on the previously active lever in the presence or absence of the reinstating stimuli. Data are based on results from Ghitza et al. (2007) . Note: The food reinstatement model has also been successfully used to study mechanisms of contextinduced reinstatement of food seeking (Bossert et al., 2006; Hamlin et al., 2006) .
1 Due to space limitations of the special issue, in the current review we primarily describe data from our own studies, as well as selected food reinstatement studies that are directly relevant to our findings. We refer readers to our comprehensive earlier review (Nair et al., 2009a) in which we provided a literature review of mechanisms of reinstatement of food seeking and also compared mechanisms of reinstatement of food seeking to those of reinstatement of drug seeking. deficits, because antalarmin had no effect on pellet-priminginduced reinstatement or ongoing food-reinforced lever pressing (Table 1 ). It is likely that antalarmin's effect on yohimbine-induced reinstatement of food seeking is mediated by CRF1 receptors located at extrahypothalamic brain sites (Van Pett et al., 2000) . In a subsequent study with alcohol-trained rats, antalarmin decreased yohimbine-induced reinstatement but had no effect on yohimbineinduced elevation of plasma corticosterone (Marinelli et al., 2007) , an index of hypothalamicepituitary adrenal (HPA) axis activation (Dallman et al., 1995; Selye, 1976 ). This conclusion is in agreement with results from many studies indicating that intermittent-footshock-induced reinstatement of drug seeking is mediated by extrahypothalamic brain sites (Shalev et al., 2010) . The brain sites involved in the inhibitory effect of antalarmin on yohimbineinduced reinstatement of food seeking are unknown. Finally, an important observation in our study was that yohimbine (at a dose that robustly reinstates food seeking; 2 mg/ kg, see figures) induces anxiety/stress-like responses in the social interaction test (File and Seth, 2003) , an effect that was reversed by antalarmin pretreatment . These findings suggest that, under our experimental conditions, yohimbine induces a CRF-dependent stress state.
2.2. Study 2: PYY3-36 (Ghitza et al., 2007) PYY3-36 the predominant circulatory derivative of Peptide YY, is a gastrointestinal hormone released from intestinal L-cells in response to food intake (Adrian et al., 1985; Eberlein et al., 1989) . PYY3-36 binds to receptors of neuropeptide Y, an orexigenic peptide expressed in the hypothalamus (Leibowitz, 1995) , with high affinity for presynaptic inhibitory Y2 receptors and low affinity for postsynaptic excitatory Y1 and Y5 receptors (Ballantyne, 2006; Grandt et al., 1992) .
Our study was inspired by several papers on the effect of PYY3-36 on food intake in laboratory animals and humans (Batterham
Box 1
The food reinstatement model: some unresolved issues and future directions While the reinstatement model used to study relapse to food seeking is based on the reinstatement model of drug relapse, there are important differences to consider when relating the different versions of the model to their respective human conditions. The most critical difference relates to the nature of the rewards. Food is critical to sustain life, whereas drugs of abuse are not. Because of this simple fact, relapse is not identical in the two human conditions or in their respective models. Relapse to drug use has a clearly defined criterion, the resumption of drug use after a period of abstinence. In contrast, relapse to unhealthy food consumption after a period of dieting is less clearly defined, because dieting involves food restriction and not complete abstinence.
Dieting in the human condition has two main components, abstaining from consumption of unhealthy foods and consuming a limited amount of nutritionally balanced foods for sustenance. The relapse to palatable food seeking model attempts to capture these two aspects of dieting during the extinction and testing phases, which are described in detail below. But first we suggest that the model might account for the unhealthy eating phase that occurs before dieting.
Generally speaking, humans with unhealthy eating habits consume limited amounts of nutritionally balanced foods and greater amounts of calorically dense palatable foods. During the training phase of our model, rats are given limited access to nutritionally balanced (healthy) chow in the home-cage and intermittent access to palatable food pellets in the operant conditioning chambers. Notably, the rats consume similar amounts of food on training days (w16 g chow and 10e12 g palatable food pellets) as compared to their free-access daily intake (approximately 26e28 g/day) when only home-cage chow is available.
Subsequently, during the extinction and testing phases, the rats are food-restricted (receiving w20 g of nutritionally balanced home-cage chow, which is w75% of their normal daily intake) and no longer have access to the palatable pellets, mimicking the human dieting condition in which subjects not only restrict the amount of food they eat but also tend to consume nutritionally balanced foods. The level of restriction used in the model is on par with that used in human studies of caloric restriction (Stewart et al., 2013) . As discussed in the review, there is some evidence across studies of a differential effect of pharmacological agents on reinstatement in food-restricted versus food-sated rats. In the future, a valuable approach would be to use a within-study design to examine whether stress-, cue-, or pellet-priming-induced reinstatement are mechanistically similar or different in food-restricted versus food-sated rats (Cason and Aston-Jones, 2013a, b) . In our experience, such studies are less straightforward than one might assume, because the effect of both pellet priming and yohimbine on reinstatement is significantly weaker and more variable in food-sated versus food-restricted rats (unpublished observations).
Finally, the target population seeking treatment for relapse to unhealthy eating after dieting is primarily comprised of overweight and obese individuals. To date, however, the food reinstatement model has been primarily used to examine relapse to palatable food seeking in normal weight rats. Therefore, an important direction for future research would be to use the food reinstatement model in rats previously made overweight by exposure to a high-fat diet in the home-cage (Johnson and Kenny, 2010) . Such studies would increase the clinical relevance of the model and would also allow investigators to study factors such as weight loss during dieting on relapse vulnerability.
Box 2 Palatable food in operant reinstatement studies
A large body of literature, primarily derived from homecage feeding studies, has demonstrated that rats prefer high-fat food over regular more nutritionally balanced food (Dallman et al., 2003) . Thus, in our initial studies we have used custom-made (BioServ) pellets with moderate to high percentage of fat (25e35%) (Ghitza et al., , 2007 Nair et al., 2009b Nair et al., , 2008 . Our assumption was that these pellets are the preferred food for the rats during the operant training phase. However, some rats in these studies did not show reliable pellet-priming-induced reinstatement. This observation prompted us to perform more formal preference tests, using different pellet types (obtained from TestDiet and Bioserv) with different compositions of fat (0 e35%) and carbohydrate (45%e91% [sugar pellets]) and different flavors (no flavor, banana, chocolate, grape) (Pickens et al., 2012) . The 'winner' in these preference tests was 45-mg food pellets that contain 12.7% fat, 66.7% carbohydrate and 20.6% protein (Catalog # 1811155, TestDiet). Therefore, in our recent published studies Cifani et al., 2012; Pickens et al., 2012) and our ongoing studies we have been using this pellet type. et al., 2003, 2002, 2007) . We found that systemic injections of PYY3-36 decrease pellet-priming-and cue-induced reinstatement of food seeking but not yohimbine-induced reinstatement. Contrary to our expectation (based on the studies of Batterham and colleagues), PYY3-36 injections had no effect on ongoing food selfadministration. The inhibitory effect of PYY3-36 on pellet-priminginduced reinstatement was blocked by systemic injections of the Y2 receptor antagonist BIIE0246, suggesting that Y2 receptors mediate this effect. The brain sites underlying the Y2 receptor mediated effect of PYY3-36 remain unclear, because while PYY3-36 injections into the arcuate nucleus of the hypothalamus decreased pelletpriming-induced reinstatement, these injections had no effect on cue-induced reinstatement. Additionally, arcuate nucleus BIIE0246 injections did not reverse the inhibitory effect of systemic PYY3-36 on pellet-priming-induced reinstatement . Finally, systemic PYY3-36 injections had no effect on drug-primingor cue-induced reinstatement of heroin seeking, suggesting a selective effect of PYY3-36 on reinstatement of food seeking.
Study 3: hypocretin (Nair et al., 2008)
Hypocretin 1 and 2 are neuropeptides synthesized by neurons of the lateral hypothalamus and perifornical area (de Lecea et al.,
Box 3
Do noradrenaline and alpha-2 adrenoceptors play a role in yohimbine-induced reinstatement?
Yohimbine has been used for many years in the stress/ anxiety field as a pharmacological stressor whose presumed stress-related mechanism of action is blockade of presynaptic alpha-2 adrenoceptors in noradrenergic cell body regions (locus coeruleus, lateral tegmental nuclei), resulting in increased brain noradrenaline cell firing and release in terminal areas (Abercrombie et al., 1988; Aghajanian and VanderMaelen, 1982; Bremner et al., 1996a, b) . Yohimbine, however, also binds at varying degrees of affinity to D2 dopamine receptors (Scatton et al., 1980) , alpha-1 adrenoceptors (Doxey et al., 1984) , benzodiazepine binding sites (Matsunaga et al., 2001) , and 5-HT1A receptors (Winter and Rabin, 1992) . Nevertheless, based on the stress/ anxiety literature, and the findings that the prototypical alpha-2 adrenoceptor agonist clonidine and related agonists (lofexidine, guanbenz) potently inhibit intermittentfootshock-induced reinstatement of drug seeking (Erb et al., 2000; Le et al., 2005; Shaham et al., 2000b) , our working hypothesis was that yohimbine-induced reinstatement of food or drug seeking is mediated by its action on alpha-2 adrenoceptors and noradrenergic transmission Shepard et al., 2004) . As discussed below, empirical evidence for this notion is very mixed.
We found little evidence for a role of alpha-2 adrenoceptors in yohimbine-induced reinstatement of food seeking ( Fig. 3 in Nair et al., 2009a) : yohimbine's effect on reinstatement was neither decreased by clonidine nor mimicked by the selective alpha-2 adrenoceptor antagonist RS 79948 (Milligan et al., 1997) . We also found that the alpha-2 adrenoceptor agonist guanfacine has no effect on yohimbineinduced reinstatement of food seeking . On the other hand, a noradrenergic component of yohimbine's effect on reinstatement of food seeking is suggested by our finding that the selective alpha-1 postsynaptic adrenoceptor antagonist prazosin blocks yohimbine-induced reinstatement at doses that have no effect on ongoing food selfadministration (Fig. 3B ). Prazosin also blocked both yohimbine-and footshock-induced reinstatement of alcohol seeking .
The evidence for a role of alpha-2 adrenoceptors and noradrenaline transmission in yohimbine-induced reinstatement of drug seeking is also mixed. Clonidine decreases yohimbine-induced reinstatement of alcohol seeking in rats (Le et al., 2009) and cocaine seeking in monkeys (Lee et al., 2004) . However, clonidine has no effect on yohimbine-induced reinstatement of cocaine seeking in rats (Brown et al., 2009) or yohimbine-induced reinstatement of cocaine CPP in mice (Match et al., 2010) . Additionally, 6hydroxydopamine lesions of ventral or dorsal noradrenergic bundles have no effect on yohimbine-induced reinstatement of alcohol seeking in rats (Le et al., 2009 ). Furthermore, yohimbine's effect on reinstatement of alcohol seeking in rats is not mimicked by RS 79948 (Le et al., 2009 ). On the other hand, yohimbine's effect on reinstatement in monkeys is mimicked by RS 79948 (Lee et al., 2004) ; additionally, the selective alpha-2 adrenoceptor antagonist BRL44408 reinstates cocaine CPP in mice (Match et al., 2010) . Finally, the postsynaptic beta-adrenoceptor antagonist propranolol decreases yohimbine-induced reinstatement of cocaine CPP in mice (Match et al., 2010) .
Taken together, the observations that postsynaptic alpha1and beta-adrenoceptor antagonists block yohimbineinduced reinstatement of food and drug seeking Match et al., 2010) suggest an important role of noradrenaline in this reinstatement. Surprisingly, however, it appears that alpha-2 adrenoceptors are not involved in yohimbine's effect of reinstatement of food seeking, and evidence for a role of these receptors in yohimbine-induced reinstatment of drug seeking is mixed. 1998; Sakurai et al., 1998 ) that project to many brain areas . Hypocretin 1 has similar affinities for hypocretin 1 and 2 receptors while hypocretin 2 has greater affinity for the hypocretin 2 receptor (Smart et al., 2000 (Smart et al., , 1999 . Hypocretins are well known for their role in arousal and feeding Sakurai et al., 1998) .
The inspiration for our study came from two influential studies in the addiction field on the role of hypocretins in morphine reward and reinstatement of morphine conditioned place preference (CPP) (Harris et al., 2005) , and intermittent-footshock-induced reinstatement of operant cocaine seeking (Boutrel et al., 2005) . However, in our studies we have found little evidence for a role of hypocretins in reinstatement of food seeking during dieting (Nair et al., 2008) . While ventricular injections of hypocretin 1 reinstated food seeking after extinction (extending Boutrel et al. (2005) results with cocaine), systemic injections of the hypocretin 1 receptor antagonist SB 334867 had no effect on pellet-priming, cue-, and yohimbine-induced reinstatement. In contrast, SB 334867 injections decreased ongoing food self-administration.
However, results from two other studies suggest a role for hypocretin 1 receptors in reinstatement of food seeking. Richards et al. (2008) reported that in food-sated rats trained to selfadminister 5% sucrose solution, systemic injections of SB 334867 decrease yohimbine-induced reinstatement of sucrose seeking. Cason and Aston-Jones (2013b) reported that in food-restricted rats, and to a lesser degree in food-sated rats, systemic SB 334867 injections decrease cue-induced reinstatement of sucrose pellet seeking.
The discrepancy between these studies may be attributable to several methodological differences between the experimental procedures used. One possibility is the difference in non-operant (home-cage) feeding conditions. For example, in the Richards et al. (2008) study, rats had free access to regular chow, while rats in our study (Nair et al., 2008) were restricted to w65% of their normal daily home-cage regular chow intake during the training phase. However, this methodological difference cannot account for the finding of Cason and Aston-Jones (2013b) that SB 334867 injections decrease cue-induced reinstatement of sucrose seeking in food-restricted but not food-sated rats. Another potential reason for the discrepant findings is the maximal dose of SB 334867 used in the different studies. The positive results from Cason and Aston-Jones (2013b) are primarily based on the finding with a dose of 30 mg/kg, while in our study the maximal dose was 20 mg/kg (Nair et al., 2008) . However, the maximal SB 334867 dose possibility cannot explain Richards et al. (2008) results where yohimbine-induced reinstatement was blocked by lower SB 334867 doses (5 or 10 mg/kg). Finally, a potential reason for the conflicting findings is that the hypocretin system may be sensitive to the nutritive content of the food rewards used in the different studies: Richards et al. (2008) and Cason and Aston-Jones (2013b) used sucrose (solution or pellets), while we used 35% high-fat pellets (Nair et al., 2008) .
In summary, it appears that the role of hypocretin 1 receptors in reinstatement of food seeking is dependent on the type of food used during the training phase. Based on the fact that hypocretin 1, which reliably reinstates both food and drug seeking (Boutrel et al., 2005; Nair et al., 2008) , has similar affinity to hypocretin 1 and 2 receptors, a question for future research is the role of hypocretin 2 receptors in reinstatement of food seeking. This is an interesting question in light of evidence for a role of this receptor in food and drug reward (Funato et al., 2009; Malherbe et al., 2009; Tabaeizadeh et al., 2013; Zhang et al., 2007) , and drug-priming-induced reinstatement of alcohol CPP in mice (Shoblock et al., 2011) . Table 1 Effect of pharmacological agents or brain manipulations on ongoing food self-administration and reinstatement. Abbreviations/symbols: Y, decrease; [, increase; -, no effect; blank space, not tested.
Peptide receptor, agonist/antagonist or brain manipulation (Nair et al., 2009a) MCH is a 19 amino-acid cyclic peptide produced by neurons in the lateral hypothalamus, perifornical region, and nearby zona incerta (Bittencourt et al., 1992; Nahon et al., 1989) . This peptide binds to MCH1 (the only functional receptor in rodents) and MCH2 receptors (Chambers et al., 1999; Saito et al., 2001) , and is an important regulator of feeding and energy balance (Qu et al., 1996; Shimada et al., 1998) .
Study 4: MCH
Our study on the role of the MCH system in reinstatement of food seeking was inspired by the finding that nucleus accumbens MCH1 receptors play an important role in food-taking behavior (Georgescu et al., 2005) . This finding is potentially relevant to reinstatement of food seeking, because the nucleus accumbens plays a critical role in reinstatement of drug seeking induced by drug priming, drug cues, and stress (Crombag et al., 2008; Kalivas and McFarland, 2003; See, 2005; Shaham et al., 2003) , as well as cue-induced food seeking (Floresco et al., 2008) . We were also interested in the particular role of MCH1 receptors in yohimbineinduced reinstatement, because systemic injections of the MCH1 receptor antagonist SNAP 94847 (the drug used in our study) decrease behavioral and physiological stress responses (David et al., 2007; Smith et al., 2009 ).
The pattern of results we have obtained with MCH and the MCH1 receptor antagonist SNAP 94847 was very similar to our results with hypocretin 1 and the selective hypocretin 1 receptor antagonist SB 334867. Specifically, while ventricular injections of MCH reinstated food seeking and systemic injections of SNAP 94847 decreased food self-administration, the MCH1 receptor antagonist had no effect on pellet-priming-, cue-, and stress-induced reinstatement of food seeking (Nair et al., 2009b) . In agreement with these findings, Mul et al. (2011) reported that knockdown of the rat MCH-precursor Pmch (resulting in an MCH-deficient rat) decreases high-fat pellet (45% fat) self-administration on both fixed-ratio and progressive ratio reinforcement schedules, but has no effect on pellet-priming, cue-, or yohimbine-induced reinstatement of food seeking in foodrestricted rats. However, contrary to our findings and the findings of Mul et al. (2011) , Karlsson et al. (2012) recently found that systemic injections of a different MCH1 receptor antagonist, GW803430, decrease cue-induced reinstatement of sucrose seeking in rats given free access to food in their home-cage. Methodological differences related to the use of different MCH1 receptor antagonists (SNAP 94847 versus GW803430), different types of food reward (high-fat pellet versus sucrose), or the feeding conditions (foodrestricted versus food-sated) may account for these different results.
Conclusions
The results from the studies described above have advanced our understanding of mechanisms of reinstatement of food seeking. But perhaps more importantly, these results, and those described in Section 3, lead to two tentative general conclusions: (1) the mechanisms of pellet-priming-and cue-induced reinstatement are largely dissociable from those of stress-induced reinstatement, and (2) the mechanisms of reinstatement of food seeking are largely dissociable from those underlying ongoing food self-administration (Table 1 ).
The first conclusion is supported by the finding that the CRF1 receptor antagonist antalarmin decreases yohimbine-induced reinstatement but not pellet-priming-induced reinstatement, while PYY3-36 attenuates food-priming-and cue-induced reinstatement, but not yohimbine-induced reinstatement (Ghitza et al., , 2007 . The second conclusion is supported by the finding that the hypocretin 1 receptor antagonist SB 334867 and the MCH1 receptor antagonist SNAP 94847 decrease food self-administration but have no effect on food-priming-or cue-induced reinstatement. Additionally, PYY3-36 attenuates food-priming-and cue-induced reinstatement, but has no effect on food self-administration (Ghitza et al., 2007; Nair et al., 2009b Nair et al., , 2008 .
Finally, an unexpected conclusion based on our studies, and other studies reviewed above, is that the mechanism of a given reinstating stimulus (e.g., food cues, yohimbine) might differ depending on the food type used and/or the non-operant basal feeding conditions (restricted feeding versus freely available food). Thus, the hypocretin 1 receptor antagonist SB 334867 decreases yohimbine-induced reinstatement in food-sated rats trained to self-administer sucrose, but not in food-restricted rats trained to self-administer high-fat food pellets (Nair et al., 2008; Richards et al., 2008) . Additionally, pharmacological antagonism of MCH1 receptors decreases cueinduced reinstatement in food-sated rats trained to self-administer sucrose, but not in food-restricted rats trained to self-administer high-fat food pellets (Karlsson et al., 2012; Nair et al., 2009b) . Finally, another example in the literature is that the cannabinoid CB1 receptor antagonist rimonabant decreases cue-induced reinstatement after a history of sucrose or Ensure, but not corn-oil, selfadministration (De Vries et al., 2005; Ward et al., 2007) .
Role of dopamine and medial prefrontal cortex (mPFC)
The mPFC and dopamine transmission in this brain area play a critical role in reinstatement of drug seeking induced by drug priming, different types of cues (discrete, discriminative, contextual), and stress Kalivas and McFarland, 2003; See, 2005) . This literature, along with a preliminary study in which we found that low doses of the D1-family receptor antagonist SCH 23390 (0.005 and 0.01 mg/kg), which have no effect on food selfadministration, decrease yohimbine-and pellet-priming-induced reinstatement (see Fig. 2 in (Nair et al., 2009a) ), have inspired three recent studies in which we studied the role of mPFC and local dopamine transmission in reinstatement of food seeking. Our emphasis was on yohimbine-induced reinstatement in these three studies, because dorsal mPFC injections of SCH 23390 or the mixed D1/D2 receptor antagonist fluphenazine decrease footshock-stressinduced reinstatement of cocaine seeking (Capriles et al., 2003; McFarland et al., 2004) and immobilization stress-induced reinstatement of cocaine CPP (Sanchez et al., 2003) . Additionally, stressors preferentially activate the mesocortical dopaminergic projection from ventral tegmental area (VTA) to mPFC (Deutch and Roth, 1990; Thierry et al., 1976) . Finally, yohimbine increases mPFC extracellular dopamine levels (Tanda et al., 1996) and expression of the immediate early gene c-fos (a neuronal activity marker (Morgan and Curran, 1991) ) (Bing et al., 1992; Funk et al., 2006; Singewald et al., 2003) .
We have used male rats in the first study (Nair et al., 2011) and female rats in the two subsequent studies Cifani et al., 2012) . We have expanded our studies to female rats, as well as to the role of ovarian hormones in reinstatement of food seeking, because the proportion of women who use dietary supplements and seek dietary treatment is more than twice that of men (Davy et al., 2006; Pillitteri et al., 2008) . Additionally, there is evidence for both sex differences and for a role of ovarian hormones in food intake (Asarian and Geary, 2006; Nance, 1983 ) and reinstatement of drug seeking (Becker and Hu, 2008; Carroll et al., 2004) . (Nair et al., 2011) In this study, we first replicated our previous preliminary observation that systemic injections of low doses of SCH 23390 block yohimbine-induced reinstatement of food seeking (Fig. 4A) .
Study 1: role of mPFC dopamine in stress-induced reinstatement
We then assessed Fos immunoreactivity in the dorsal and ventral mPFC of rats injected with vehicle or SCH 23390 prior to yohimibine-induced reinstatment. We found that yohimbine causes a strong increase in Fos expression in dorsal mPFC (Fig. 4B) and a relatively modest increase in ventral mPFC (Nair et al., 2011) . We followed up on these findings by demonstrating that SCH 23390 injections into dorsal (Fig. 4C) but not ventral mPFC decreases yohimbine-induced reinstatement. In subsequent experiments, we found that dorsal mPFC SCH 23390 injections modestly decrease pellet-priming-induced reinstatement but not cue-induced reinstatement or ongoing food self-administration; the modest effect of SCH 23390 on pellet-priming-induced reinstatement is in agreement with results from a previous study (Sun and Rebec, 2005) .
SCH 23390 also binds to 5-HT2C (formerly 5-HT1C) and 5-HT2A receptors where it acts as an agonist (Briggs et al., 1991; Millan et al., 2001) and antagonist (Monti et al., 1990; Neumeyer et al., 2003; Porter et al., 2000; Schreiber et al., 1995) , respectively. Therefore, we assessed the effect of dorsal mPFC injections of the 5-HT2C receptor agonist MK212 (Ramos et al., 2005) and the 5-HT2A receptor antagonist M100907 (McMahon et al., 2001 ) on yohimbine-induced reinstatement of food seeking. These 5-HT ligands had no effect on this reinstatement, indicating that the effect of dorsal mPFC SCH 23390 injections on yohimbine-induced reinstatement is mediated by local D1-family receptors.
Taken together, our study established a critical role of dorsal but not ventral mPFC dopamine in yohimbine-induced reinstatement of food seeking, extending previous results on the critical role of this brain area in stress-induced reinstatement of drug seeking (Kalivas and McFarland, 2003; Shaham et al., 2003) . The pattern of effects of dorsal mPFC SCH 23390 injections, reliable inhibition of yohimbineinduced reinstatement, modest effect on pellet-priming-induced reinstatement, and no effect on cue-induced reinstatement or ongoing food self-administration (Table 1) , support our conclusions of dissociable or partially dissociable mechanisms of reinstatement induced by stress versus pellet priming and cues, and reinstatement of food seeking versus ongoing food self-administration.
3.2. Study 2: mPFC activation and synaptic alterations after stress-induced reinstatement: a study using c-fos-GFP transgenic female rats In this study we addressed three questions. The first was whether yohimbine-induced reinstatement of food seeking is associated with mPFC activation (as assessed by Fos expression) in female rats. The second was whether this reinstatement, as well as pellet-priming-induced reinstatement, is influenced by ovarian hormone fluctuations. The third was whether yohimbine-induced reinstatement is associated with unique synaptic plasticity changes in mPFC activated (Fos-positive) versus non-activated (Fos-negative) neurons. For this purpose, we used a novel c-fos-GFP transgenic rat developed by Drs. Bruce Hope, Brandon Harvey (NIDA), and James Pickel (NIMH) . The c-fos-GFP rat contains a transgene with the c-fos promoter (Morgan and Curran, 1991) that induces rapid transcription of the gfp (green fluorescent protein) coding sequence in response to strong neuronal activation (Barth et al., 2004) . Strongly activated Fos neurons in these rats can be identified by their GFP expression in electrophysiological slice preparations to compare synaptic properties of activated (GFP-positive) neurons and nearby non-activated (GFP-negative) neurons.
The results of our study demonstrate that yohimbine-and pellet-priming-induced reinstatement in female rats is associated with increased Fos (and GFP) expression in both ventral and dorsal mPFC, confirming our findings with male rats (Nair et al., 2011) . Of note, the effect of yohimbine on mPFC activation was substantially stronger than that of pellet priming. Additionally, yohimbineinduced reinstatement (Fig. 5A ) was associated with reduced AMPA receptor/NMDA receptor current ratios (Fig. 5B) and increased paired-pulse facilitation in activated GFP-positive but not in GFP-negative neurons . These findings indicate reduced synaptic glutamate transmission in the activated neurons, possibly reflecting a delayed compensatory response to strong initial neuronal activation during the reinstatement tests, which occurs several hours after testing (the time of electrophysiological assessment).
We also found little evidence for a role of ovarian hormones in yohimbine-or pellet-priming-induced reinstatement and mPFC activation. Ovariectomy (to eliminate circulating estrogen and progesterone) had no effect on yohimbine-induced reinstatement and mPFC Fos expression; yohimbine-induced reinstatement was also not affected by the estrous cycle phase. For pellet-priminginduced reinstatement, ovariectomy modestly decreased this reinstatement but in a follow-up experiment, pellet-priminginduced reinstatement was not affected by the estrous cycle phase. These largely negative findings are consistent with the finding from our fenfluramine study (Pickens et al., 2012) , in which we did not observe sex differences in the magnitude of yohimbineand pellet-priming-induced reinstatement of food seeking. Taken together, the results of our study indicate that ovarian hormones do not appear to play a role in stress-induced reinstatement of food seeking and that this reinstatement is associated with unique glutamatergic synaptic alterations in strongly activated mPFC neurons. The functional significance of reduced glutamatergic plasticity in activated neurons after stress-induced reinstatement of food seeking requires further investigation using tools (that are yet to be developed) to selectively manipulate synaptic plasticity events in GFP-positive (activated) neurons but not in GFP-negative (non-activated) neurons.
Finally, based on data regarding sex differences and the role of ovarian hormones in reinstatement of drug seeking (Carroll et al., 2004) , including yohimbine-induced reinstatement of cocaine seeking (Anker and Carroll, 2010; Feltenstein et al., 2011) , it is somewhat surprising that neither sex differences (Pickens et al., 2012) nor a significant role of ovarian hormones in reinstatement of food seeking have been demonstrated in our studies. In reconciling our data with the drug reinstatement results, it should be noted that conclusions regarding sex differences and the role of ovarian hormones in reinstatement of drug seeking are primarily based on studies using cocaine. There are differences between the mechanisms of drug reward and relapse/ reinstatement across drug classes (Badiani et al., 2011; Bossert et al., 2013) . Relevant to our negative findings are data demonstrating that manipulations of ovarian hormones have no effect on heroin self-administration (Stewart et al., 1996) or footshock-stressinduced reinstatement of heroin seeking (Shaham and Stewart, 1995) . Additionally, Feltenstein et al. (2011) recently demonstrated that the estrous cycle phase has no effect on yohimbineinduced reinstatement of nicotine seeking. A tentative conclusion from the above studies is that while ovarian hormones play an important role in reinstatement of cocaine seeking, they likely play a minimal role in reinstatement of reward seeking for other drugs and palatable food.
3.3. Study 3: effect of optogenetic inhibition of mPFC on stressinduced reinstatement In our most recent study, we have used an optogenetic approach to demonstrate that neuronal activity in the dorsal mPFC mediates yohimbine-induced reinstatement of food seeking in female rats . In this study, we employed a neuronal silencing strategy in which we used adeno-associated virus (AAV)-mediated gene transfer to transfect dorsal mPFC neurons with microbial light-sensitive protein, enhanced Natronomonas pharaonis halorhodopsin (eNpHR), which is a light-sensitive electrogenic Clpump that hyperpolarizes transfected neurons when activated by w590 nm yellow light (Han and Boyden, 2007; Yizhar et al., 2011) . We found that optical stimulation of dorsal mPFC expressing eNpHR3.0 reduces endogenous and stress-induced neuronal activity, as assessed by slice electrophysiology, in vivo electrophysiology in awake rats, and Fos immunohistochemistry. When yellow light was delivered bilaterally, there was a significant reduction in yohimbine-induced neuronal activation in the hemisphere containing the halorhodopsin construct as compared to the hemisphere expressing the control construct (Fig. 6A ). This finding confirms the ability of the optogenetic silencing method to reduce yohimbine-induced neuronal activity, and thus we proceeded to test the causal role of dorsal mPFC in yohimbine-induced reinstatement. We found that optogenetic inhibition of this region decreases yohimbine-induced reinstatement of food seeking (Fig. 6B ), but not ongoing food self-administration or pelletpriming-induced reinstatement. These data provide additional evidence for the notion that mechanisms underlying reinstatement by the different reinstating stimuli are often dissociable, and for dissociation between mechanisms of reinstatement of food seeking versus ongoing food self-administration (Table 1) .
Finally, our finding that optogenetic inhibition of dorsal mPFC has no effect on pellet-priming-induced reinstatement is consistent with results from an earlier study of McFarland and Kalivas (2001) who reported that muscimol þ baclofen (GABAergic agonists) inactivation of the dorsal mPFC has no effect on this reinstatement. However, our negative data are not consistent with our previous results (Nair et al., 2011) and with those of Sun and Rebec (2005) that blockade of D1-like receptors in dorsal mPFC modestly decreased pellet-priming-induced reinstatement. In considering the different effects of muscimol þ baclofen reversible inactivation by either GABAergic agonists or optogenetic inhibition versus dopamine receptor blockade on pellet-priming-induced reinstatement, it should be noted that others have also obtained different results in reinstatement studies depending on whether reversible inactivation or dopamine receptor antagonists were used. Floresco et al. (2008) reported that muscimol þ baclofen reversible inactivation of accumbens shell potentiates cue-induced food seeking. In contrast, Guy et al. (2011) reported that SCH 23390 injections (primarily in shell and the border between core and shell) inhibit this reinstatement. Another example is that McFarland and Kalivas (2001) reported that cocaine-priming-induced reinstatement is decreased by muscimol þ baclofen injections in accumbens core but not shell. In contrast, Anderson et al. (2003) reported that this reinstatement is decreased by SCH 23390 injections into accumbens shell but not core.
In conclusion, our optogenetic study has identified a role of dorsal mPFC in stress-induced reinstatement of food seeking in female rats. This study, together with recent studies examining mPFC role in reinstatement of cocaine seeking (Stefanik et al., 2013) and VTA neurons in reinstatement of food seeking (Adamantidis et al., 2011) , demonstrate the utility of combining the traditional reinstatement model (Epstein et al., 2006a) with optogenetic approaches to identify brain circuits of relapse to drug and food seeking.
Conclusions
The results from the three studies described above indicate a critical role of dorsal but not ventral mPFC and dopamine transmission in this brain area in yohimbine-induced reinstatement of food seeking. It also appears that dorsal mPFC dopamine plays some role in pellet-priming-induced reinstatement but not cueinduced reinstatement. However, the negative results for cueinduced reinstatement in our study (Nair et al., 2011) should be interpreted with caution, because of the relatively weak reinstatement response to the cues (compared with yohimbine and pellet priming). The results from our two most recent studies further demonstrate the feasibility of using optogenetics to study mechanisms of reinstatement of food seeking and the new c-fos-GFP transgenic rats to identify unique synaptic plasticity changes in a small population of neurons that are activated during the reinstatement tests and thus potentially mediate pellet-priming-, cue-, and stress-induced reinstatement .
Conclusions and implications for medication development
We have reviewed results from our studies and related studies on mechanisms of reinstatement of palatable food seeking during dieting. As mentioned above, we have offered two main conclusions. The first is that the food reinstatement model is a simple, reliable, and valid model for studying mechanisms of relapse to palatable food seeking during dieting, and for identifying medications to prevent this relapse. The second is that mechanisms of relapse to food seeking are often dissociable from mechanisms of ongoing food intake.
The second conclusion may have important implications for translational research aimed at identifying novel medications for prevention of relapse to unhealthy eating habits during dieting. In particular, medications for dietary treatment have been primarily developed based on their effects on physiological mechanisms that regulate ongoing food intake or food metabolism (Adan, 2013; Bray and Greenway, 2007) . Yet it has been known for many years that physiological states of hunger and satiety are often dissociable from food seeking and consumption, which are to a significant extent under the control of external stimuli such as food-associated cues and stressors (Carels et al., 2001; Schachter, 1968) . Therefore, the use of the reinstatement model allows for the identification of pharmacological agents that prevent relapse to palatable food seeking and consumption induced by these stimuli during dieting. However, to the degree that the food reinstatement model mimics relapse to unhealthy food-taking behavior in humans, these potential medications are unlikely to reach clinical development if the targeted outcome in animal models is reduction of ongoing food intake (Table 1) . Additionally, the available results suggest that medications effective against food-priming-induced or cueinduced reinstatement may not be effective against stressinduced reinstatement (Table 1) . Thus, results from the food reinstatement model suggest that clinical pharmacological regimens intended to prevent dietary lapses will likely require combination drug therapy. 
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